The flexibility, complexity, and size of contemporary organocatalytic transformations pose interesting and powerful opportunities to computational and experimental chemists alike. In this Account, we disclose our recent computational investigations of three branches of organocatalysis in which nonbonding interactions, such as C−H···O/N interactions, play a crucial role in the organization of transition states, catalysis, and selectivity. We begin with two examples of N-heterocyclic carbene (NHC) catalysis, both collaborations with the Scheidt laboratory at Northwestern. In the first example, we discuss the discovery of an unusual diverging mechanism in a catalytic kinetic resolution of a dynamic racemate that depends on the stereochemistry of the product being formed. Specifically, the major product is formed through a concerted asynchronous [2 + 2] aldol-lactonization, while the minor products come from a stepwise spiro-lactonization pathway. Stereoselectivity and catalysis are the results of electrophilic activation from C−H···O interactions between the catalyst and the substrate and conjugative stabilization of the electrophile. In the second example, we show how knowledge and understanding of the computed transition states led to the development of a more enantioselective NHC catalyst for the butyrolactonization of acyl phosphonates. The identification of mutually exclusive C−H···O interactions in the computed major and minor TSs directly resulted in structural hypotheses that would lead to targeted destabilization of the minor TS, leading to enhanced stereoinduction. Synthesis and evaluation of the newly designed NHC catalyst validated our hypotheses. Next, we discuss two works related to Lewis base catalysis involving 4-dimethylaminopyridine (DMAP) and its derivatives. In the first, we discuss our collaboration with the Smith laboratory at St Andrews, in which we discovered the origins of the regioselectivity in carboxyl transfer reactions. We disclose how different Lewis base catalysts (NHC or DMAP) can lead to different regiomeric products as a result of differing magnitudes of aromatic and C−H···O interactions present in the respective transition states. In the second example, we discuss the mechanism and origins of the stereoselectivity of a reaction catalyzed by a planar-chiral 4-(pyrrolidino)pyridine derivative, namely, the coupling of ketenes with cyanopyrrole. We discovered that the chiral base mechanism is operative, in contrast to the originally proposed Brønsted acid mechanism. The selectivity is determined by the ease with which the major and minor TSs can realize strong stabilizing C−H···N interactions between the pyrrole cyano group and the catalyst. These interactions induce increased catalyst distortion in the minor TS, thereby leading to enantioselectivity. Finally, we discuss our computations related to amine-based organocatalysis in collaboration with the Carter laboratory at Oregon State. We probed the mechanism and stereoselectivity of a bifunctional amine thiourea-catalyzed Michael reaction. Our computations led to the design of an improved catalyst. However, synthesis and tests revealed that this catalyst was prone to degradation to side products that also catalyze the reaction, ultimately reducing the observed enantioselectivity. Lastly, we discuss our study of the mechanism and stereoselectivity of a proline sulfonamide-catalyzed Robinson annulation, in which we discovered that the enantioselectivity is controlled by the first Michael step but the diastereoselectivity is controlled by the following Mannich step.
INTRODUCTION
Advances in affordable computing technologies and new quantum-mechanical theories have expanded the reach of quantum mechanics from simplified models with many structural approximations and truncations to large, realistic systems with considerable conformational flexibility and structural complexity. Theory remains a powerful tool in the chemist's arsenal, and demonstrations of its power in the generation of chemical hypotheses that govern selectivities, reactivities, and mechanisms abound in the literature, 1 as revealed in no small part by the collection of articles presented in this special issue of Accounts of Chemical Research.
The increasingly complex and multifunctional nature of contemporary organocatalytic transformations complicate the generation of hypotheses, as List observed nearly a decade ago, "Often there is little knowledge of a given reaction mechanism and the exact mode of activation is unknown." 2 Our laboratory focuses on the application of state-of-the-art electronic structure methods to real-world catalytic reactions. We perform mechanistic analyses and create transition state (TS) models to explain selectivity in contemporary synthetic transformations through experimental collaboration 3 or in important classes of reactions that have gone unstudied by theory because of their complexity.
In covalent catalysis, the substrate is recognized and bound as an activated catalyst−substrate complex, profoundly altering the substrate frontier molecular orbitals to unlock or lower previously inaccessible reactivities. Catalyst electron donation facilitates HOMO activation to generate a nucleophilic complex. Conversely, LUMO-activating catalysts increase the electrophilicity of the substrate by functioning as an electron-withdrawing group. Moreover, many catalysts can demonstrate both types of activation (i.e., bifunctional). We and others are discovering the rich and unusual variety of activation modes of nonbonding interactions that are present in modern covalent organocatalyses. Of primary importance to our studies have been "nonclassical" hydrogen bonds (e.g., C−H···O), 4, 5 in which a polarized C−H bond is in close proximity to a base, often with a developing negative charge, such as a carbonyl undergoing nucleophilic attack. Activated C sp 3 −H groups adjacent to partial or full positive charges and most C sp 2 /sp groups stabilize both ground-state 6 and TS structures. 4 We also underscore the importance of C−H···N interactions, 7 which operate in catalysis similarly to their oxygen counterparts.
In the following studies, we highlight the fundamental role of these and other interactions in a diverse array of organocatalytic reactions. While C−H···O/N interactions are not always the only stabilizing interactions in a TS, they play pivotal roles in contributing to the overall catalysis or selectivity by stabilizing developing charges and/or providing electrophilic activation. It is our hope in this Account to illustrate the challenge involved in identifying hypotheses and theories governing the reactivity and selectivities of modern organocatalytic transformations when multiple nonbonding interactions are at play simultaneously. Furthermore, we demonstrate the ability of theory to drive catalyst design.
COMPUTATIONAL METHODS
When studying reactions using theory, the proper choice of a computational method is of utmost importance. A great number of factors contribute to the choice, and thus, the process is nontrivial. Alignment of computational data with experimental observations is necessary for reliable theoretical analyses and computational predictions. 8 Many of the methods used in the following sections were the results of extensive benchmarking to locate a combination of methods, basis sets, and solvation models that best matches key experimental parameters.
In order to calculate reaction stereo-and regioselectivity, we compute reaction coordinates, including selectivity-and rate-determining TSs and all pertinent ground-state intermediates leading to each product. The free energy span 9 can be estimated using transition state theory, specifically by applying Eyring's equation, 10 given experimental parameters of temperature (T), reaction time (t), and yield (Y) together with the universal gas constant (R), Planck's constant (h), and Boltzmann's constant (k B ):
We quantify catalyst control of the product distribution (e.g., the diastereomeric ratio, dr) by computing the relative rates, i.e., the difference of the relative free energies (ΔΔG ⧧ ), of the product-determining TSs. The product ratios and the relative rates of their formation are derived from the following expression:
The differences in energy between the major and minor TSs, in addition to all of the relevant conformers, can be quite small (<2 kcal/mol). Accurate computational methods are therefore necessary to capture the inter-and intramolecular forces relevant to the chemistry.
Two common hybrid functionals are employed for the systems reported in this Account: (1) The popular B3LYP 11 hybrid generalized gradient approximation (GGA) functional owes its enduring ubiquity in applied computational studies of organic systems to its speed, robust description of electrostatic interactions, and efficient error cancellation. A longstanding deficiency of hybrid functionals is the treatment of dispersion interactions. To correct for this in B3LYP-optimized structures (except in section 3.2), we performed single-point energy refinements using Grimme's spin-component-scaled second-order Møller−Plesset (SCS-MP2) perturbation theory 12 coupled with triple-and quadruple-ζ-quality Ahlrich basis sets 13 extrapolated to the complete basis set limit (def2-∞). This combination of theories was used to model the reactions disclosed in sections 5.1 and 5.2. (2) Systems disclosed in sections 3.1, 4.1, and 5.2 were modeled with the hybrid meta-GGA functional M06-2X, which can account for dispersion interactions. 14 We further refined the energies using single-point refinements with larger Pople basis sets 15 including additional polarization and diffuse functions. 16 Implicit solvation corrections were applied using either the polarized continuum model (PCM) 17 
N-HETEROCYCLIC CARBENE CATALYSIS
N-Heterocyclic carbene (NHC) catalysts feature a central N-alkylor N-aryl-substituted azolium ring, which generates a stable singlet carbene upon deprotonation of the interstitial methine at C2. Nucleophilic carbene catalysts induce unique and tunable reactivities in carbonyl compounds by virtue of the push−pull electronics of the conjugated azolium ring in the Breslow-like intermediates. 19 We have used quantum-mechanical computations to study the mechanisms and stereomechanics of three different NHC-catalyzed transformations: β-lactonization of a dynamically racemizing substrate (section 3.1), γ-lactonization of acyl phosphonates (section 3.2), and regiodivergent and catalyst-specific carboxyl transfer (section 4.1).
Catalytic Kinetic Resolution of Dynamically Racemizing β-Keto Esters
Methods furnishing enantioenriched products from racemic starting materials are appealing techniques in organic synthesis because of their cost and step efficiency. Of particular importance is dynamic kinetic resolution (DKR), in which a substrate undergoing rapid racemization reacts with a catalyst, stereospecifically and irreversibly transforming a single substrate enantiomer into product. 20 In view of the theoretical yield of 100%, DKR provides an atom-economical synthetic route to a great number of valuable bioactive compounds. 21 β-Keto esters are primed for DKR reactions because of the lability of the α-proton, allowing interconversion between the keto ester and the achiral enol. The asymmetric synthesis of substituted β-lactones can be achieved through NHC-catalyzed lactonization of β-keto esters. 22 We investigated the mechanism and origins of stereoselectivity in this reaction through a joint experimental and computational effort with the Scheidt group at Northwestern (Scheme 1). 23 3.1.1. Dynamic Kinetic Resolution. The NHC-catalyzed DKR process relies on the facile epimerization of the β-keto ester starting material under the basic conditions needed for carbene generation. 24 The NHC forms a key NHC−enol/enolate intermediate with the terminal aldehyde, which then undergoes stereospecific intramolecular aldol addition to one enantiomer of the β-keto ester, selectively trapping the R substrate over the S epimer through a low-energy lactonization TS (k R > k S ) (Scheme 2). Overall, the reaction selectively produces an enantioenriched lactone from four possible diastereomeric products with good dr (6:1) and high enantioselectivity (98% ee).
Catalytic Cycle.
The zwitterionic NHC−enol/enolate intermediate (Scheme 3, top) is in rapid equilibrium with its α-epimer. Our computations indicated that aldol-lactonization occurs via the enolate and not the enol. 25 At this point, three mechanisms were postulated, all of which lead to the β-lactone product. We began with the stepwise aldol-lactonization mechanism previously proposed by Romo 26 and echoed more recently by Paddon-Row and Lupton, 27 featuring aldol C−C bond formation and subsequent C−O ring closure (Scheme 3, right). All computational efforts to locate the alkoxide intermediate led to its collapse on either the carbonyl or the azolium, indicating that this intermediate does not exist on the potential energy surface (PES) for this reaction. Instead, we found an unusual divergence into two mechanisms, depending on which C−C diastereoisomer is formed. The major-(R,S,S) lactone is formed from a concerted formal [2 + 2] mechanism (Scheme 3, middle), leading directly to the tetrahedral intermediate. 28 All of the minor stereoisomers undergo a stepwise spiro-lactonization mechanism (2) conjugative stabilization of the electrophilic carbonyl by the adjacent aryl π system, and (3) van der Waals attraction between the substrate aryl and the catalyst. Of the four diastereomeric TSs, major TS-(R,S,S) shows the highest degree of conjugative stabilization (−0.1°). In addition, it experiences the strongest C−H···O nonbonding stabilization (1.94 Å) from the acidic NHC pyranyl C−H, which is polarized by the ortho, cationic NHC.
3.1.4. Origins of Stereoselectivity. The diastereoselectivity results from the difference in energy between major TS-(R,S,S) and TS-(S,S,S), with ΔΔG ⧧ = 2.2 kcal/mol, in reasonable agreement with experiments (1.1 kcal/mol). The C−H···O distance in the minor diastereomer TS-(S,S,S) is longer (2.39 Å) and weaker. Moreover, this TS suffers from decreased conjugative stabilization of the electrophilic carbonyl (−36.0°vs −0.1°). The enantioselectivity results from the difference in energy between major TS-(R,S,S) and TS-(S,R,R) and is in excellent agreement with experiment (2.9 vs 2.9 kcal/mol). The C−H···O interaction in the minor enantiomer TS-(S,R,R) involves a much weaker donor C−H from the catalyst aryl substituent (2.54 Å). These findings illustrate the subtle competitions between C−H donors and conjugative stabilizations that ultimately control the selectivity and reactivity in this dynamic kinetic process.
Computionally-Guided Optimization of NHC-Catalyzed Butyrolactonization from Acyl Phosphonates
Theory has the potential to drive catalyst design. A second NHCmediated reaction studied in our laboratory was a collaborative theoretical and experimental investigation of the synthesis of γ-butyrolactones from acyl phosphonates, again with the Scheidt group (Scheme 4). 30 Acyl phosphonates are valuable substrates in a number of metal-catalyzed synthetic methods, including Mukaiyama−Michael reactions, 31 Friedel−Crafts indole alkylations, 32 and hetero-Diels−Alder reactions. 33 In the present reaction, a biaryl-saturated imidazolium-derived organocatalyst was found to furnish γ-butyrolactones from acyl phosphonates with high enantioselectivity (80% ee) and good dr (cis:trans = 2:1). During the optimization process, a host of imidazoliums were explored but were found to give suboptimal yields and enantioselectivities. Our goal in this collaboration was to use quantum mechanics to computationally design a modified biaryl-saturated imidazolium catalyst to improve the enantioselectivity. In all of the TSs, concerted proton transfer occurs from the Breslow enol OH to the electrophilic carbonyl. This acid catalysis is concomitant with nucleophilic attack and is a crucial component contributing to the overall catalysis of the reaction.
3.2.3. Origins of Stereoselectivity. TS-(Si,Si)-Major is 1.7 kcal/mol lower in energy than TS-(Re,Re)-Minor, corresponding to an enantioselectivity of 90% ee, which is slightly overestimated but in decent agreement with the experimental value of 80% ee. We identified unique nonbonding interactions found in the major and minor TSs. In TS-(Si,Si)-Major, two unique C−H···O interactions engage the PO oxygen atom (blue lines, Figure 2 ): (1) an ortho C−H from one of the NHC backbone Ph groups and (2) an ortho C−H from the N-biaryl of the catalyst. In TS-(Re,Re)-Minor, approach from the opposite face of the homoenol precludes any C−H···O interactions from the backbone Ph groups. Instead, a meta C−H from the terminal Ph of the N-biaryl system engages in a C−H···O interaction with the acyl phosphonate PO (pink line, Figure 2 ).
3.2.4. Catalyst Optimization. With the knowledge of these mutually exclusive interactions in hand, we could then propose a modification of the catalyst seeking higher enantioselectivity (Figure 3) . In order to induce increased selectivity, either the energy of the major TS must be decreased or the energy of the minor TS must be increased. Since only TS-(Re,Re)-Minor enjoys stabilizing electrostatic interactions at the meta position of the terminal biphenyl, elimination of these C−H···O interactions through methylation was proposed to increase the energy of the minor pathway while having a negligible effect on the major pathway. The computed homoaldol TSs with the redesigned NHC predicted significantly increased selectivity of 99% ee. Experiments corroborated this increase, showing 84% ee with the redesigned methylated catalyst. Additional runs with bulkier Et groups instead of Me yielded an even higher selectivity of 88% ee. Ultimately, determination of the nonbonding C−H···O interactions that control the selectivity using computations was critical to understanding the stereoselectivity and realizing the rational design of a new NHC catalyst.
DMAP CATALYSIS
Much like NHC catalysts, 4-dimethylaminopyridine (DMAP) catalysts are potent Lewis base catalysts. In section 4.1 we describe the origins of the regiocontrol in NHC-and DMAP-catalyzed pyrazolyl carboxyl transfer. Section 4.2 describes our studies of asymmetric protonation chemistry involving a planar-chiral 4-(pyrrolidino)pyridine derivative.
Catalyst-Controlled and Regiodivergent Carboxyl Transfer
In collaboration with the Smith group at St Andrews, we investigated the origins of catalyst-controlled regioselectivity of O-to C-or N-carboxyl transfer of pyrazolyl carbonates. NHCs (e.g. triazolinylidenes) predominantly give the C-carboxylate product, and DMAP gives the N-carboxylate product (Scheme 6). We provided mechanistic understanding and revealed the interactions responsible for the observed regioselectivity by applying quantum-mechanical computations on a representative model system (using CO 2 Me instead of CO 2 Ph). 34 This class of rearrangements, initially described by Steglich and Hofe, 35 has seen widespread synthetic application. A number of groups have demonstrated the ability of achiral and chiral DMAP derivatives to yield all-carbon quaternary stereocenters through this transformation. Both Fu 36 and Vedejs 37 developed chiral DMAP catalysts for enantioselective O-to C-carboxyl transfer of related carbonates. Smith has also shown that NHCs are able to catalyze O-to C-carboxyl transfer. 
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Article acylated catalyst and the enolate species in a stepwise fashion. The formation of this complex was also invoked in a recent computational study of the Steglich rearrangement of oxindole derivatives by Suga 39 and is supported by X-ray crystal structures. 40 Regiodivergence occurs through preferential attack on the acylated catalyst by the enolate at C4 or N1. The carboxyl transfer process is stepwise for all of the pathways except for DMAP-catalyzed C-carboxylation. Figure 4 shows the computed regiodetermining TSs for the DMAP and NHC catalyses. In the case of DMAP, the regiodetermining TSs involve enolate attack of the acylated catalyst for both pathways. In TS-DMAP-N-Major (ΔG ⧧ = 19.2 kcal/mol), there is a large degree of stabilizing overlap between the positively charged pyridine ring and the negatively charged enolate during C−N bond formation. TS-DMAP-C (ΔG ⧧ = 26.6 kcal/mol) does not benefit from significant overlap of the zwitterionic π systems, resulting in a higher-energy TS.
In the case of NHC, the highest-energy regiodetermining TSs were computed as the catalyst release step of the mechanism. In TS-NHC-C-Major (ΔG ⧧ = 12.7 kcal/mol), significant overlap between the catalyst and the enolate is evident. In addition, there are two key stabilizing C−H···O interactions: (1) an ortho Ph C−H from the catalyst N-Ar substituent donates to the transferring carboxyl CO (2.29 Å), and (2) an activated C−H ortho to the positively charged catalyst azolium ring donates to the substrate enolate oxygen atom (2.27 Å). TS-NHC-N (ΔG ⧧ = 16.2 kcal/mol) is higher in energy as a result of the weaker interaction between the methoxy oxygen of the transferred carboxyl and the activated C−H ortho to the catalyst azolium ring (2.47 Å).
Coupling of Pyrrole to Ketenes
Using Planar-Chiral PPY* 4.2.1. Planar-Chiral DMAP Catalysis. Fu's planar-chiral 4-(pyrrolidino)pyridine-derived catalyst PPY* represents a wellknown class of DMAP nucleophilic catalysts 42 used in a number of asymmetric transformations involving ketenes. 43 We focused our efforts on understanding the origins of the catalysis and stereocontrol in the enantioselective coupling of ketenes with pyrroles furnishing N-acylpyrroles (Scheme 8). 44, 45 At the time of publication, the exact mechanism and stereomechanics in this entire series of reactions were unknown. Leveraging computed and experimental kinetic isotope effects (KIEs), we deciphered the operative mechanism and discovered that C−H···O/N interactions are critical for both TS stabilization and enantioselectivity in this reaction.
Proposed Mechanisms.
A chiral Brønsted acid pathway was originally proposed on the basis of 1 H NMR observations of the pyrrole−PPY* Brønsted acid resting-state complex (Figure 5a, right) . 44 It was thought that protonated PPY* acts as a chiral proton source to enantioselectively protonate the pyrrole ketene enolate, leading to product formation and regenerating the catalyst. We computed all of the intermediates and TSs along this pathway and found that the rate-determining step is TS PyrroleEnolate Formation (Figure 5b) , with ΔG ⧧ = 23.4 kcal/mol, which is slightly above the estimated experimental barrier of 22 kcal/mol. 10 A second mechanism for the transformation can be envisioned in which PPY* directly attacks the ketene to form a chiral enolate base (Figure 5a, left) . Subsequent enantioselective protonation 
KIE as a Key Litmus Test for Distinguishing between Proposed
Mechanisms. The original experimental report by Fu reported a competition isotope experiment. With N-deuterated cyanopyrrole, a significant primary k H /k D of 5 was observed (eq 1). We computed the KIEs of the rate-determining TSs for both the chiral base and chiral Brønsted acid mechanisms (TS PPY*-Enolate-Protonation and TS Pyrrole-EnolateFormation, respectively; Figure 5) . 46 The result for the chiral base mechanism was consistent with experiments (TS PPY*-Enolate-Protonation: k H /k D = 5), whereas the experimental KIE was decisively inconsistent with that for the chiral Brønsted acid mechanism (TS Pyrrole-Enolate Formation: k H /k D = 1). The combined KIE experiments and computational results as well as the computed energetics suggest that although the resting-state complex is consistent with the chiral Brønsted acid pathway, the chiral base pathway is operative in this reaction (Figure 6 ).
Transition State Stabilization and Origins of Selectivity.
With knowledge of the productive pathway, we probed the nonbonding interactions stabilizing the key rateand stereodetermining enolate protonation transition state (Figure 5b) . In both TS Major-PPY*-Enolate Protonation and TS Minor-PPY*-Enolate Protonation, the enolate oxygen is sandwiched between the rings of PPY* through stabilizing C−H···O interactions worth ∼3−4 kcal/mol according to the model systems. The incoming pyrrole anion cyano C−N also enjoys stabilizing C−H···N interactions with the catalyst. However, the selectivity is ultimately determined by the ability of the catalyst to stabilize the incoming pyrrole anion through the C−H···N interactions. In Major (Re approach), the pyrrole is positioned between the rings of PPY* through C−H···N interactions requiring minimal catalyst distortion. In Minor (Si approach), the pyrrole is projected above PPY* and is stabilized through C−H···N interactions with the catalyst pyrrolidine. In contrast to Major, the catalyst is distorted in Minor in order to achieve stabilizing C−H···N interactions and is consequently higher in energy by 0.9 kcal/mol, a selectivity value consistent with experiment (ΔΔG expt ⧧ = 1.3 kcal/mol).
AMINE CATALYSIS
Catalysts with amine functionality typically provide reactivity through the generation of nucleophilic enamine species or electrophilic iminium ions. 47 In section 5.1, we investigate the selectivity of a bifunctional primary amine thiourea-catalyzed cyclization. Section 5.2 provides our detailed description of a proline sulfonamide-catalyzed Robinson annulation.
Bifunctional Primary Amine Thiourea-Catalyzed Construction of All-Carbon Stereocenters
Efficient routes to install all-carbon quaternary stereocenters remain one of the holy grails in synthetic chemistry. 48 Pfau and d'Angelo provided an appealing stereoselective method to synthesize 2,2-disubstituted cycloalkanones bearing an all-carbon quaternary stereocenter using stoichiometric α-methyl benzylamine. 49 Building on this pioneering work, the Carter laboratory at Oregon State rendered the original stoichiometric reaction catalytic using a thiourea-based 50 dual-activation strategy (Scheme 9). 51 In collaboration, we used computations to provide insights into the mechanism and stereoselectivity. 52 We also used this information in an effort to design a catalyst with improved selectivity.
5.1.1. Catalytic Cycle. The catalyst condenses with its primary amine on the cycloalkanone to furnish the imine (Scheme 10). In agreement with the experimentally observed 8:1 equilibrium favoring the imine, computations showed that the imine is energetically lower by 1.6 kcal/mol (9:1). The small concentration of enamine formed is consumed by rate-and stereodetermining Michael addition TS-Michael-(R,R)-Major (ΔG ⧧ = 24.7 kcal/mol).
A secondary KIE experiment with olefin-deuterated methyl acrylate as the electrophile was performed (eq 2). The computed k H /k D of 0.84 was in excellent agreement with experiments (k H /k D = 0.86), corroborating the C−C bond-forming Michael TS as rate-determining. 53 Facile proton transfer and hydrolysis release the product and regenerate the catalyst.
5.1.2. Transition State Stabilization. In this reaction, three main factors contribute to TS stabilization ( Figure 7) : 54, 55 (1) nucleophilic activation of the donor cycloalkanone through formation of an enamine, (2) electrophilic activation of the acrylate CO through hydrogen bonding to the thiourea, and (3) electrostatic stabilization of the developing negative charge on the electrophile through proximity to the developing positive charge of the catalyst iminium.
5.1.3. Origins of Stereoselectivity. Stereoinduction is provided by the chiral scaffold bridging the two activating components. TS-Michael-(S,S)-Minor (ΔΔG ⧧ = 5.1 kcal/mol) places the electrophile exo to the enamine ring and forces the catalyst α-phenyl group to be in close repulsive contact (2.00 Å) with the incoming electrophile. This destabilizing interaction is stronger than the attractive C−H···O interaction between the catalyst β-phenyl group and the electrophile CO. On the basis of these findings, the Carter group synthesized the des-β-phenyl catalyst in hopes of improving the enantioselectivity. However, this new catalyst decomposed under the reaction conditions to form products including benzylamine, which can itself catalyze the reaction racemically, ultimately leading to reduced enantioselectivity.
Proline Sulfonamide-Catalyzed Robinson Annulation
Over four decades ago, Hajos and Parrish 56 described a prolinecatalyzed intramolecular aldol reaction, one of the first examples of modern organocatalysis. Proline organocatalysis has since become a comprehensive and expanding field 57 that has been well-studied both experimentally 58 and theoretically. 1, 59 In this final section, we describe our computational investigation of the mechanism and stereomechanics of a proline sulfonamide-catalyzed synthesis 
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Article of enantio-and diastereoenriched cyclohexenones containing γ-quaternary and δ-tertiary all-carbon stereocenters (Scheme 11) in collaboration with the Carter group at Oregon State. 60 5.2.1. Catalytic Cycle. We studied six mechanisms that could account for the formation of the cyclohexenone product on a representative model system (SO 2 Ar in the catalyst was computed as SO 2 Me and BnNH 2 as MeNH 2 ). All of the computational evidence led to the conclusion that the Michael−Mannich mechanism shown in Scheme 12 is operative in this transformation, and thus, it is the focus in this Account.
The resting state of this reaction is the imine formed from the aldehyde and amine additive (Scheme 12, top). Complete consumption of the aldehyde and concomitant formation of the imine are observed by 1 H NMR spectroscopy when benzylamine and substituted aldehydes are premixed. This imine is in dynamic equilibrium with the aldenamine. Addition of the proline sulfonamide catalyst to the ketone forms the catalyst iminium. Michael addition between the catalyst iminium and the reactive aldenamine followed by tautomerization leads to the pre-Mannich enamine. Mannich annulation followed by hydrolysis produces the cyclohexenone product and releases the proline sulfonamide catalyst.
5.2.2. Duumvirate Stereocontrol. The Michael addition transition state is rate-determining for the formation of both the major and minor enantiomeric cyclohexenone products, while the Mannich annulation is rate-limiting for the diastereomeric product (Figure 8 ). Therefore, both transition states must be considered for a complete understanding of the stereoselectivity in this reaction. We call this duumvirate 61 stereocontrol. 5.2.3. Transition State Stabilization. As seen in other proline-catalyzed asymmetric reactions, the key Michael and Mannich transition structures are stabilized by hydrogen bonds with the proline acidic moiety, 57 in this case the sulfonamide. Hydrogen bonding between the approaching aldenamine and the sulfonamide is a necessary element of both the stereocontrol and catalysis, as evidenced by poor catalysis by proline itself and other tetrazole catalysts.
5.2.4. Origins of Stereoselectivity. The enantioselectivity in this reaction is governed by the syn/anti catalyst iminium preference. We found an unusual preference for the syn-iminium over the anti-iminium in the Michael addition. In the absence of other intervening effects, syn transition states in organocatalytic reactions are typically disfavored because the catalyst iminium/ enamine must distort from planarity to accommodate the close proximity of the approaching substrate to the hydrogen-bonding catalyst side chain.
59,1 However, in this particular reaction, the vinylogous electrophilic iminium activation further removes the 
Article C−C bond-forming center from the catalyst side chain, changing the optimal hydrogen-bonding distance. Consequently, geometric distortions in the catalyst iminium necessitate hydrogen bonding to a more distal aldenamine, consistently destabilizing the antiiminium Michael TSs ( Figure 9 ). Specifically, the catalyst in the Minor-Ent-anti-si-(R,S) Michael TS has a distorted planarity of −20°versus −3°in Major-syn-re-(S,R) (dihedral angles highlighted in green) and is consequently higher in energy by 2.7 kcal/mol.
The diastereoselectivity is decided by the Mannich step ( Figure 10 ). The minor diastereomeric product is the (R,R) product.
The Mannich TS leading to this product (Minor-Dia-syn-(R,R)) is the most disfavored over the other diastereomers. Two features destabilize this TS: (1) as discussed earlier, the syn-enamine is disfavored in the Mannich annulation, 59 and (2) severe flagpole steric interactions caused by an axial methyl group in the boatlike conformation of the forming six-membered ring further raise the barrier.
CONCLUSION
In this Account, we have described the application of the tools of computational chemistry to six modern organocatalytic reactions in order to elucidate the operative mechanism and reveal the nonbonding interactions responsible for transition state stabilization and selectivity. Through these studies, we have observed the importance of C−H···O/N and other nonbonding interactions in providing catalysis and selectivity. The complex modes of activation and product differentiation described here suggest that more complex interplays between nonbonding interactions underpin many modern synthetic transformations. Through synergistic efforts with synthetic collaborators, we have also shown how these computationally derived hypotheses can lead to the development of new catalysts and improved processes. We have only begun to explore the full power of what theory can unfold, and we continue to build on these experiences and discoveries to tackle increasingly complex and powerful transformations using theory.
